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We established four new mouse strains with defective T and B cells as well as defects in innate immunological
reactions using an NK cell depletion antibody and showed that all mutant mouse strains efficiently received
human peripheral blood leukocyte (PBL) engraftment (hu-PBL-scid mice). Higher levels of human immuno-
deficiency virus type 1 (HIV-1) replication were observed in these new hu-PBL-scid mice than in conventional
hu-PBL-C.B-17-scid mice. In one particular strain, hu-PBL-NOD-scid mice, high levels of HIV-1 viremia (more
than 106 50% infectious doses per ml) were detected after infection with HIV-1. The plasma viral load was about
100 to 1,000 times higher than that observed in other hu-PBL-scid mice infected with HIV-1. Although
high-level viremia did not correlate with the total amount of HIV-1 RNA in cells from infected mice, high levels
of free virions were detected only in hu-PBL-NOD-scid mice. HIV-1 viremia induced systemic HIV-1 infection
involving the liver, lungs, and brain. PCR in situ hybridization confirmed that HIV-1-infected cells invaded the
brain tissue of the hu-PBL-NOD-scid mice. Our results suggest that the genetic background, including innate
immunity, is critical in the development of primary HIV-1 viremia and subsequent central nervous system
invasion with HIV-1. The hu-PBL-NOD-scid mouse represents a useful model for the study of the pathogenesis
of HIV-1 in vivo, especially brain involvement, and therapy of primary HIV-1 viremia.

Development of a viral infection model for the human im-
mune system using small animals is important in biomedical
research, especially in studies of human immunodeficiency vi-
rus type 1 (HIV-1) infection. This is particularly important
since susceptibility to HIV-1 is limited to humans and chim-
panzees. The C.B-17-scid/scid mouse lacks mature T and B
cells due to a defective rearrangement of the T-cell receptor
and immunoglobulin gene (5). Mice homozygous for this scid
mutation can be engrafted with human lymphohematopoietic
cells (9, 14, 15). Two types of human lymphoid chimeras have
been established in scidmice. The first success with the human-
mouse chimera was achieved by McCune and colleagues (14).
Human fetal liver and thymus were transplanted under the
renal capsule with the resultant development of normal human
thymus tissue in the mouse. This human chimera scid mouse
was designated the scid-hu mouse. scid-hu thymus tissue is
susceptible to HIV-1 infection (19), and CD41 T-cell depletion
is induced through direct HIV-1 inoculation into the tissue (2,
4). It seems that HIV-1 infection occurs within the local chi-
meric thymus tissue, but HIV-1 DNA and viral proteins have
not been detected in the peripheral blood of scid-hu mice.
Another human lymphoid chimera is the hu-PBL-scid mouse,
produced from C.B-17-scid mice stably engrafted by intraper-
itoneal injection of human peripheral blood leukocytes (PBL)

(15). Human CD4 or CD8 single positive T cells can be recov-
ered from peritoneal lavage and liver, lung, and spleen tissues
for 2 months following PBL injection. Although the hu-PBL-
scid mouse is susceptible to HIV-1 infection (16), relatively low
levels of human lymphocyte reconstitutions were found in the
C.B-17-scid mouse (26). This is probably due to the fact that
C.B-17-scid mice possess functional macrophages, normal NK
cell function, and elevated hemolytic complement activity (25)
and retain the fundamental defense responses. It seems that
macrophages, NK cells, and other cellular and humoral factors
of primary immunity may contribute to the limitation of the
short-term existence of xenotransplanted tissues and also HIV
replication.

Several mutant mice are known to have immune deficits. For
example, the autoimmune disease in nonobese diabetic (NOD)
mice is characterized by the presence of type I insulin-depen-
dent diabetes mellitus, a functional deficit in NK cells, and
absence of circulating complement (10, 13). The Dh mouse is
a hereditary asplenic mutant mouse with diminished immunity
(24). The beige mouse represents an animal model of Chediak-
Higashi disease with a lysosomal enzyme defect resulting in
reduced phagocytic activity (22). The nude mouse shows dys-
plasia of the thymus and is T cell deficient (23).

In the present study, we examined the critical effects of the
genetic background of the mouse strain on human cell recon-
stitution and HIV-1 infectivity. New immunodeficient mouse
strains with defects in innate immunity in addition to acquired
immunity were established. In one such immunodeficient
strain engrafted with human PBL, the hu-PBL-NOD-scid
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mouse, we were able to consistently reproduce high levels of
HIV-1 viremia and severe systemic HIV-1 infection affecting
several organs, including the brain tissue.

MATERIALS AND METHODS

Mice. C.B-17 scid/scid (5), NOD (NOD/Shi) (10, 13), BALB/cA-Dh (24),
BALB/cA-bg/bg (beige) (22), and BALB/cA-nu/nu (nude) (23) mice were main-
tained in the Central Institute for Experimental Animals. scid mutation was
established through backcrossing for 10 generations from the C.B-17-scid mouse
background onto the NOD/Shi, BALB/cA-Dh, BALB/cA-bg/bg, and BALB/cA-
nu/nu mice. scid/scid homozygotes were finally produced by cross-intercross
mating. All mice were delivered by cesarean section, transferred to microisolator
boxes, and bred and maintained under specific-pathogen-free conditions. The
mice were checked by single radial immunodiffusion (Medical and Biological
Laboratory, Nagoya, Japan) to detect serum immunoglobulin M (IgM) and were
between 6 and 12 weeks old at the time of cell transfer.

The experimental protocol was approved by the Ethics Review Committee for
Animal Experimentation of the participating institutions.
Reconstitution of hu-PBL-scid mice. PBL were isolated from blood samples

obtained from a single healthy HIV-1-seronegative donor by density gradient
centrifugation. To deplete NK cells, mice were treated with 1.0 mg of TMb-1
(Seikagaku Kogyo, Tokyo, Japan), an anti-interleukin 2 (anti-IL-2) receptor
b-chain monoclonal antibody (27), 3 days prior to transfusion. We injected
intraperitoneally a total of ;1 3 107 to 2 3 107 human PBL in 0.5 ml of RPMI
1640 containing 20% fetal calf serum. Two weeks after infusion of these cells, the
mice were bled from the tail vein and the level of human IgG was measured by
a sandwich assay using goat anti-human IgG (Tago, Burlingame, Calif.) in an
isotype-specific enzyme-linked immunosorbent assay (ELISA).
HIV-1 infection of hu-PBL-scid mice. Virus stocks were generated from Cos

cell culture supernatants, 2 or 3 days after electroporation by HIV-1 infectious
plasmid DNA. Three molecularly cloned HIV-1 viruses, a T-cell-line-tropic and
syncytium-inducing isolate (NL4-3 [1]) and two macrophage-tropic and non-
syncytium-inducing isolates (JR-CSF [12] and NFN-SX [20]), were employed.
NFN-SX is a chimeric strain with the StuI-to-XhoI fragment (2.1 kb) from
macrophage-tropic HIV-1JR-FL substituted into the NL4-3 virus. The 50% infec-
tious dose (ID50) was determined by using phytohemagglutinin (PHA)-activated
PBL by the endpoint dilution method (endpoint infectious assay). A series of
threefold dilutions were prepared from the virus stock, mixed with cells, and
cultured for 7 days in the presence of IL-2. The endpoints were determined by
screening for the p24 core antigen. The virus titer was calculated as ID50 per
milliliter. We inoculated each mouse with 200 ID50 of HIV-1 intraperitoneally
within 24 h after measurement of serum human IgG levels. The mice were
sacrificed 14 days later, and human lymphocytes were recovered from peritoneal
lavage, the liver, lungs, and brain, and mesenteric lymph nodes. Single-cell
suspensions of organs were obtained by gently teasing the tissue with the blunt
end of a syringe plunger in sterile medium and passing the resulting mixture
through a sterile wire mesh. Human cells were collected from the mouse liver
and lung by density gradient centrifugation. Peritoneal cells were obtained by
lavage with 10 ml of medium. Heparinized blood was collected by cardiocentesis,
and mouse plasma was applied to a p24gag ELISA (Coulter, Hialeah, Fla.) and
endpoint infectious assay.
Quantitation of DNA by PCR analysis. Cells were washed in phosphate-

buffered saline (PBS), lysed in urea lysis buffer (28), and then subjected to
phenol-chloroform extraction and ethanol precipitation. Quantitation of HIV-1
DNA was performed by PCR assay using one primer labeled with 32P as de-
scribed previously (28).
RNA-PCR analysis. RNAs were purified from total nucleic acids (DNA and

RNA) by using RNA-free DNase (Boehringer Mannheim, Tokyo, Japan). The
HIV-1 RNA was converted to cDNA by using an antisense primer, GA1932
(59-TTCCTAAAGTTGCCTCTCTG-39; nucleotides 1932 to 1913), as described
previously (3) and was subjected to PCR. M667 (59-GGCTAACTAGGGAAC
CCACTG-39; nucleotides 496 to 516 in the HIVJR-CSF genome) and M668
(59-CGCGTCCCTGTTCGGGCGCC-39; nucleotides 656 to 637) were used as
primers for the detection of total HIV-1 RNA. The pair formed a 161-bp
amplified fragment. GA1552 (59-TAATCCACCTATCCCAGTAG-39; nucleo-
tide positions 801 to 820) and GA1874 (59-ACTCTTGCTTTATGGCCGG-39;
nucleotide positions 1874 to 1855) were used as primers to detect gag HIV-1
RNA. This pair forms a 330-bp amplified fragment. The specific radioactivity of
the PCR product was measured by BAStation (Fuji Film, Tokyo, Japan). This
radioactivity was employed to measure the amount of HIV-1 RNA by compar-
ison with a standard curve generated from parallel PCR analysis using in vitro-
synthesized HIV-1 RNA. The total amount of HIV-1 RNA in tissue was deduced
by calculating the copy number in 1 ml of the sample measured by PCR analysis
and multiplying it by the total amount of extraction buffer used in each experi-
ment.
Flow cytometric analysis. Two-color flow cytometric analysis was performed.

Briefly, ;0.3 3 106 to 1.0 3 106 cells were stained with the optimal concentration
of antibody for 30 min at 48C and then washed three times. Antibodies specific
for human cell surface markers, including CD4 (fluorescein isothiocyanate) and
CD8 (phycoerythrin) and anti-HLA class I (fluorescein isothiocyanate), were

purchased from Dako Japan (Kyoto, Japan). These human specific antibodies
did not cross-react with the mouse cells. Analysis of fixed cells was performed
within 24 h with an Epics Elite flow cytometer (Coulter).
Pathological analysis. Paraffin-embedded 6-mm-thick brain sections obtained

from HIV-1NFN-SX-infected hu-PBL-NOD-scid mice were fixed in 10% buffered
formalin for 4 days and subsequently deparaffinized with fresh xylene. The
sections were then washed with PBS, dehydrated through graded ethanol solu-
tions, air dried, and subjected to HIV-1 DNA amplification by hot-start in situ
PCR. Following denaturation at 948C for 3 min, we added 2 U of Taq DNA
polymerase to the reaction mixture, with a final volume of 20 ml made up of 10
mM Tris-HCl (pH 8.8), 50 mM KCl, 1.5 mM MgCl2, 0.1% Triton X-100, 200 mM
each deoxynucleoside triphosphate, and 0.5 mM each HIV-1 gag-specific primer
(SK-38 [59-ATAATCCACCTATCCCAGTAGGAGAAAT-39] and SK-39 [59-T
TTGGTCCTTGTCTTATGTCCAGAATGC-39]). The next step included 30 cy-
cles of DNA amplification consisting of denaturation at 928C for 30 s, annealing
at 558C for 30 s, and polymerization at 728C for 45 s. Serial sections on the same
slide were used as a control and were simultaneously subjected to the same
thermal cycles without HIV-1 gag-specific primers but with Taq DNA polymer-
ase. The amplified HIV-1 DNA was detected by in situ hybridization with a
digoxigenin-labeled oligonucleotide probe (SK-19 [59-ATCCTGGGATTAAAT
AAAATAGTAAGAATGTATAGCCTAC-39]) and alkaline phosphatase-con-
jugated antidigoxigenin antibodies. The HIV-1 DNA-specific in situ amplifica-
tion was also confirmed by Southern hybridization of the agarose gel
electrophoresis reaction mixture obtained after 35 cycles of amplification of the
section, using the same 32P-labeled oligonucleotide probe.
In vitro HIV-1 production in the presence of mouse plasma.HIV-1 production

from PHA-activated PBL was monitored in the presence of 10% mouse plasma
pooled from each mock-infected strain of hu-PBL-scid mice. Two days post-PHA
stimulation, 105 lymphocytes were infected with 100 ID50 of HIV-1NFN-SX, and
the level of p24gag was measured 14 days after infection.

RESULTS

Establishment of immunodeficient mouse model. A variety
of mouse models of multiple immune defects were established
through the backcrossing of the scid mutation onto mice with
other mutations, such as NOD, Dh, beige, and nude mice,
resulting in four new congenic strains, namely, NOD-scid (NOD/
Shi-scid), Dh-scid (BALB/cA-Dh-scid), beige-scid (BALB/cA-bg-
scid), and nude-scid (BALB/cA-nu-scid) mice. Table 1 shows
the characteristics of the four new immunodeficient strains
established in the present study. Homozygosity for the scid
mutation in all strains was confirmed by the absence of IgM in
the serum. Since the NOD/LtSz-scid mouse strain was re-
ported previously to have a variety of abnormalities, such as
defective NK cell activity, macrophage dysfunction, and com-
plement, we examined the immunological phenotype of our
NOD/Shi-scidmice. The level of lipopolysaccharide-stimulated
IL-1 secretion by bone marrow-derived macrophages was ex-
tremely low in NOD/Shi-scid mice compared with that in C.B-
17-scid mice (data not shown). In addition, there was no de-
tectable complement activity in serum samples pooled from
NOD/Shi-scid mice. However, the level of NK cell activity in
spleen cells of NOD/Shi-scid mice was similar to that in C.B-
17-scid mice after treatment with poly(I)-poly(C). Thus, these
phenotypes of NOD/Shi-scid mice are different from those of
the previously described NOD/LtSz-scid mice (25). The breed-
ing efficiency of four new scid mouse strains was as follows:

TABLE 1. Characteristics of the immunodeficient mice used
in the present study

Mouse strain Immunodeficiency Reference

C.B-17-scid T and B cell deficient 5
NOD/Shi-scid Defective macrophage and comple-

ment activity and T and B cell
deficient

This study

BALB/cA-Dh-scid Asplenic and T and B cell deficient This study
BALB/cA-bg-scid Depression of NK activity and T

and B cell deficient
This study

BALB/cA-nu-scid Athymic and T and B cell deficient This study
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birth rate, 90 to 95% (30 to 35% in BALB/cA-nu-scid mice);
litter size, six or seven; and weaning rate, 65 to 70%. It has
been reported that thymic lymphoma is the major cause of
death in aging NOD/LtSz-scidmice (25). However, only 1 of 74
mice in our series developed thymic lymphoma in this mouse
stock (1.3%) when examined up to 25 weeks of age. Further-
more, the stability of the scid mutation in the four new mice
was similar to that of C.B-17-scid mice.
Reconstitution of hu-PBL-scid mice. It was shown previously

that intraperitoneal injection of anti-IL-2 receptor b-chain
monoclonal antibody TMb-1 into BALB/c mice resulted in a
selective inhibition of NK function for 5 weeks (27). Thus,
TMb-1 was applied in the present study in an attempt to
facilitate the reconstitution of human PBL in the immunode-
ficient mice. Mice were treated with TMb-1 or PBS alone and
injected intraperitoneally with human PBL obtained from a
single donor to avoid possible variability from using cells from
different donors. Mice did not develop frank human lymphoid
tumors when observed for 62 days after human cell transfer.
Fourteen days after infusion, we used a fluorescence-activated
cell sorter (FACS) to calculate the number of human CD41

and CD81 cells in peritoneal lavage, while human IgG levels
were determined by ELISA. When the levels of human IgG in
plasma exceeded 500 mg/ml after human cell transfer, more
than 105 CD41 human T cells were recovered from the peri-
toneal cavity, livers, lungs, and peritoneal lymph nodes of
TMb-1-treated mice (data not shown). However, repopulation
of human CD41 T cells in the spleen was less (,1 3 105 cells)
in these TMb-1-treated mice. Therefore, the level of human
IgG appeared to be the best indicator of reconstitution and
peripheralization by human cells. We also compared the effi-
cacy of engraftment of human PBL in each of the hu-PBL-scid
mice. Engraftment was considered positive when the number
of human CD41 T cells obtained from the peritoneal lavage
exceeded 105 and the level of human IgG in mouse serum
exceeded 500 mg/ml. The results are shown in Table 2. Suc-
cessful grafts were obtained in only 2 of 12 TMb-1-untreated
C.B-17-scid mice compared with 6 of 16 TMb-1-treated mice.
Although none of the TMb-1-untreated mice allowed human-
PBL proliferation except for one BALB/cA-nu-scid mouse,
TMb-1 treatment dramatically supported the reconstitution
efficiency with human lymphocytes. By treatment of mice with
TMb-1, human PBL grafts were successfully implanted in 16 of
18 NOD/Shi-scid, 15 of 18 BALB/cA-Dh-scid, 7 of 8 BALB/

cA-bg-scid, and 9 of 11 BALB/cA-nu-scid mice. Thus, these
results strongly suggested that the activity of residual NK cell
was inhibitory to human PBL reconstitution in all scid mice.
For these TMb-1-treated four new mouse strains, the number
of human CD41 T cells obtained from the peritoneal cavity
increased by two- to fourfold compared with that of treated
C.B-17-scid mice (Table 2). Similarly, a high number of human
CD41 T cells was also observed in the livers of TMb-1-treated
new mouse strains (data not shown). These results suggested
that the new scid mouse strains were more permissive for
engraftment with human CD41 T cells than the conventional
C.B-17-scid mice.
Susceptibility of hu-PBL-scid mice to HIV-1. We also inoc-

ulated HIV-1 directly into the peritoneal cavity. Table 3 sum-
marizes the results of HIV-1 infection experiments in hu-PBL-
C.B-17-scid mice and the other four newly established hu-PBL-
scid mouse strains. We attempted to evaluate the infectivity,
using scid mice injected with cells from a single donor. Since
only a limited number of animals can usually be reconstituted
with cells from a single human donor at any particular time,
mainly PBL from a donor (R) and a macrophage-tropic HIV-1
strain, HIV-1NFN-SX, were used for HIV-1 infection experi-
ments. Measurements included the levels of HIV-1 p24gag in
plasma and ID50 as well as the proviral DNA copies (measured
by a quantitative PCR assay) in peritoneal cells and the per-
centages of CD41 and CD81 lymphocytes (assessed by FACS
analysis). The presence of a specific depletion of CD41 T cells
was expressed by the CD4/CD8 ratio. FACS analysis showed
that infection of hu-PBL-scid mice with HIV-1 resulted in a
specific depletion of peritoneal CD41 T cells. The depletion
was particularly marked in all hu-PBL-scid mice infected with
the macrophage-tropic HIV-1 strain NFN-SX. Statistical com-
parison of the CD4/CD8 ratios for HIV-1-uninfected and -in-
fected mice reconstituted by a single donor indicated that all
mouse strains showed CD41 T-cell depletion, although the
sample numbers of beige- and nude-scid mice were small. The
mean CD4/CD8 ratios (6 standard deviations) in infected
versus uninfected mice were as follows: C.B-17-scid mice,
0.05 6 0.03 versus 1.25 6 0.7; NOD-scid mice, 0.16 6 0.07
versus 2.1 6 1.1; Dh-scid mice, 0.18 6 0.1 versus 1.1 6 0.31;
beige-scid mice, 0.1 6 0.03 versus 1.32 6 0.25; and nude-scid
mice, 0.03 6 0.01 versus 0.53 6 0.22. The mean CD41 T-cell
count for each infected group was significantly different from
that for uninfected mice (Mann-Whitney test; P , 0.01). The
specific depletion of CD41 T cells was also observed in mouse
tissues infiltrated with human PBL, but the degrees of deple-
tion in peritoneal cells, liver tissue, lung tissue, and lymph
nodes were similar in each of the HIV-1-infected hu-PBL-scid
mice (data not shown). The decreased CD4/CD8 ratio did not
correlate with the level of systemic HIV-1 replication deduced
from the concentration of p24gag in plasma (correlation coef-
ficients [r2]: C.B-17-scid mice, 0.63; NOD-scid mice, 0.21; Dh-
scid mice, 0.01).

We also observed that the T-cell-line-tropic HIV-1 strain
NL4-3 replicated in a hu-PBL-scid mouse strain. As shown in
Table 3, a high level of p24gag (.1,000 pg/ml) was detected in
the plasma of only hu-PBL-NOD-scid mice, although the num-
ber of infected mice was too small for a proper statistical
evaluation.
High level of HIV-1 viremia and central nervous system

(CNS) invasion in the hu-PBL-NOD-scid mouse. High levels
of p24gag and infectious virus in plasma were observed in HIV-
1-infected hu-PBL-NOD-scid mice. The mean levels (6 stan-
dard deviations) of p24gag (in picograms per milliliter) in
plasma of HIV-1NFN-SX-infected hu-PBL-scid mice reconsti-
tuted by a single donor (R) were 578 6 378 (C.B-17-scidmice),

TABLE 2. Reconstitution of hu-PBL-scid mice

Mouse strain TMb-1
treatment

No. of
successful

graftsa

104 CD41 T cellsb

in successfully
grafted mice

C.B-17-scid 2 2/12 18 6 6
1 6/16 34 6 20

NOD/Shi-scid 2 0/8
1 16/18 68 6 50

BALB/cA-Dh-scid 2 0/8
1 15/18 63 6 51

BALB/cA-bg-scid 2 0/8
1 7/8 81 6 27

BALB/cA-nu-scid 2 1/8 20
1 9/11 140 6 110

a Number of hu-PBL-scid mice 2 weeks after cell injection.
b Values are means 6 standard deviations.
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TABLE 3. Results for hu-PBL-scid mice infected with HIV-1

Mouse strain Identification
no.

PBL
donor Virusa

Plasma Recovered cells from peritoneal lavages

p24gag

(pg/ml) ID50/ml HIV-1 DNA/105

human cells
% Positive cells

(CD4/CD8)b
CD4/CD8

ratio

C.B-17-scid S1 K NL4-3 0 NDc 1,150 5/23 0.22
S2 K NL4-3 0 ND 1,300 3/43 0.07
S3 K JR-CSF 0 ND 38 ,1/,1
S4 K NFN-SX 1,191 1.5 3 103 100,000 3/49 0.06
S5 R NFN-SX 430 ND 37,900 2/94 0.02
S6 R NFN-SX 1,136 ND 470,000 7/70 0.10
S7 R NFN-SX 1,051 ND 237,000 3/95 0.03
S8 R NFN-SX 177 ND 142,000 2/92 0.02
S9 R NFN-SX 452 ND 138,000 5/87 0.06
S10 R NFN-SX 226 ND 113,000 5/86 0.06
S11 R None 0 ND 0 40/53 0.75
S12 R None 0 ND 0 38/49 0.78
S13 R None 0 ND 0 39/49 0.80
S14 K None 0 ,102 0 20/57 0.35
S15 K None 0 ND 0 21/8 2.6

NOD/Shi-scid N0 U NL4-3 3,778 1.5 3 103 75,000 53/33 1.6
N1 U NL4-3 19,667 3.2 3 103 100,000 18/69 0.26
N2 U JR-CSF 1,199 1.5 3 103 1,700 1/83 0.01
N3 U JR-CSF 478 ND 11,000 4/79 0.1
N4 U JR-CSF 178 ND 50 24/68 0.35
N5 U NFN-SX 1,682 3.2 3 103 2,300 9/60 0.15
N6 U NFN-SX 99,889 3.2 3 105 330,000 14/70 0.22
N7 U NFN-SX 6,122 1.5 3 104 87,000 18/64 0.28
N8 R NFN-SX 290,765 1.5 3 106 400,000 9/87 0.1
N9 R NFN-SX 1,434,444 3.2 3 106 330,000 5/46 0.11
N10 R NFN-SX 5,560 ND 130,000 12/53 0.23
N11 R NFN-SX 1,010 ND 8,900 7/25 0.29
N12 R NFN-SX 26,965 ND 345,000 9/85 0.1
N13 R NFN-SX 861,626 ND 3,220,000 8/51 0.15
N14 U None 0 ,102 0 47/32 1.47
N15 U None 0 ,102 0 50/43 1.16
N16 R None 0 ,102 0 41/46 0.89
N17 R None 0 ,102 0 44/50 0.88
N18 R None 0 ,102 0 29/17 1.71
N19 R None 0 ND 0 70/24 2.9
N20 R None 0 ND 0 34/27 1.3
N21 R None 0 ND 0 71/19 3.7
N22 R None 0 ND 0 75/22 3.4

BALB/cA-Dh-scid D1 R NL4-3 0 ND 58 45/44 1.0
D2 R NL4-3 0 ND 1,570 43/38 1.1
D3 R NL4-3 0 ,102 1,200 36/33 1.1
D4 R JR-CSF 36 ND 92,000 1/97 0.01
D5 R JR-CSF 87 ,102 92,700 6/78 0.08
D6 R NFN-SX 525 ,102 29,500 7/69 0.1
D7 R NFN-SX 225 ND 10,200 6/78 0.08
D8 R NFN-SX 477 ND 61,400 9/44 0.2
D9 R NFN-SX 342 ND 251,000 15/24 0.34
D10 U NFN-SX 1,004 ND 636,000 10/48 0.21
D11 U NFN-SX 122 ND 111,000 4/29 0.14
D12 R None 0 ND 0 30/38 0.79
D13 R None 0 ND 0 51/33 1.5
D14 R None 0 ND 0 40/48 0.83
D15 U None 0 ND 0 75/35 2.1
D16 U None 0 ND 0 70/51 1.37
D17 U None 0 ND 0 31/40 0.78

BALB/cA-bg-scid B1 R NL4-3 0 ND 0 45/41 1.1
B2 R NL4-3 0 ND 0 49/43 1.14
B3 R NL4-3 0 ND 28 79/4 20
B4 R NFN-SX 86 ND 19,700 4/34 0.12
B5 R NFN-SX 2,278 3.2 3 102 288,000 6/88 0.07
B6 R None 0 ,102 0 46/43 1.07
B7 R None 0 ,102 0 47/30 1.57

Continued on following page
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436,728 6 538,662 (NOD-scid mice), 392 6 118 (Dh-scid
mice), 1,182 6 1,096 (beige-scid mice), and 102 6 102 (nude-
scidmice). p24gag levels of hu-PBL-NOD-scid mice were 100 to
1,000 times higher than those of other hu-PBL-scid mice fol-
lowing infection with HIV-1 (Mann-Whitney test, P , 0.01).
The concentration of HIV-1 p24gag in plasma was close to or
over 200 ng/ml in some mice, corresponding to an ID50 of
approximately 106 U/ml. Table 4 shows that the strain HIV-
1NFN-SX was able to replicate at similar rates in peritoneal cells
from different hu-PBL-scid mice reconstituted by a single do-
nor, as shown by RNA-PCR assay. However, high levels of
p24gag in plasma were detected only in the hu-PBL-NOD-scid
mice. The high level of HIV-1 viremia did not correlate with
the total amount of HIV-1 RNA in human cells from the
peritoneal space of infected mice. We postulated that certain
soluble factors present in the plasma may affect the level of
viremia in HIV-1-infected mice. For this reason, we analyzed
the influence of plasma on HIV-1 replication. Plasma from
mock-infected hu-PBL-C.B-17-scid and hu-PBL-bg-scid mice
suppressed HIV-1 production by about 90% in vitro compared
with HIV-1-seronegative human plasma, while HIV-1 replica-
tion was doubled by plasma from mock-infected hu-PBL-
NOD-scid mice and was not affected by plasma from mock-
infected hu-PBL-Dh-scid and hu-PBL-nu-scid mice (Table 4).
Figure 1 shows the results of systemic HIV-1 infection in hu-
PBL-NOD-scid mice. High levels of HIV-1 RNA expression
were detected in peritoneal cells and liver, lung, and brain
tissues of HIV-1-infected hu-PBL-NOD-scid mice. The copy
number of HIV-1 per tissue was deduced from either the total

viral RNA (unspliced and spliced) or the gag-specific RNA as
determined by PCR, multiplied by the total amount of extrac-
tion buffer used in each experiment. Our analysis showed the
presence of 108 HIV-1 RNA molecules in the murine liver and
4 3 107 copies of HIV-1 RNA in the brain in HIV-1-infected
hu-PBL-NOD-scid mice (Fig. 1, I). In addition, the brain tissue
of hu-PBL-Dh-scid mice contained low levels of viral RNA
(5 3 105 copies), although HIV-1 RNA was present at high
concentrations in the liver (107 copies; Fig. 1, II). CNS invasion
in hu-PBL-NOD-scid mice was confirmed by PCR in situ hy-
bridization assay. Furthermore, migration of human CD31 T
cells to the liver (Fig. 2A) and brain (Fig. 2B to D) occurred
irrespective of HIV-1 infection. In the brain, human CD31 T
cells were found in the leptomeninges, perivascular areas, and
the parenchyma. A number of HIV-1 DNA-positive cells were
detected among human CD31 T cells in the brain by PCR in
situ hybridization (Fig. 2E and F), a sensitive method for de-
tecting a single copy of HIV-1 genome present in M-10 cells
(21). Astrogliosis or multinucleated giant cells were not
present in any of the HIV-1-infected hu-PBL-NOD-scid mice.

DISCUSSION

We established four strains of mice with multiple immuno-
logical defects and demonstrated that all mutant strains effi-
ciently received human PBL. We also found that the mouse
genetic background influenced the pathogenicity of HIV-1.

The efficiency of successful grafting and proliferation of hu-
man T cells in our new scid mice was greater than that in

TABLE 4. HIV-1 replication in hu-PBL-scid micea or in vitro in the presence of 10% mouse plasmab

Mouse strain

Mouse expt
In vitroc HIV-1 replication in PBL

(p24gag [pg/ml] 14 days after infection)HIV-1 plasma viremia (p24gag [pg/ml]
14 days after infection)

Total HIV-1 RNA copies in
peritoneal cells (106)d

C.B-17-scid 265 6 160 8.5 6 5.2 3,843 6 812
NOD/Shi-scid 396,800 6 45,285 59 6 31 124,571 6 84,000
BALB/cA-Dh-scid 414 6 184 57 6 21 50,177 6 8,200
BALB/cA-bg-scid 3,344 6 1,050 26 6 14 4,790 6 2,100
BALB/cA-nu-scid 102 6 80 2.8 6 2.5 59,019 6 3,600
Nonee

HIV-1-seronegative plasma 51,311 6 2,860
HIV-1-seropositive plasma 239 6 56

a Three hu-PBL-scid mice from each strain were infected with HIV-1NFN-SX.
b PHA-activated PBL were infected with HIV-1NFN-SX.
c Results of one representative experiment for three different blood donors are shown. The range of HIV-1 enhancement by the mouse plasma of hu-PBL-NOD-scid

mice among different donors varied from 1.7 to 2.2 times greater than that for treatment with HIV-1-seronegative human plasma.
d Total HIV-1 RNA was calculated by RNA-PCR assay using specific primers as described in the legend to Fig. 1.
e We used either HIV-1-seronegative or HIV-1-seropositive human plasma as a control.

TABLE 3—Continued

Mouse strain Identification
no.

PBL
donor Virusa

Plasma Recovered cells from peritoneal lavages

p24gag

(pg/ml) ID50/ml HIV-1 DNA/105

human cells
% Positive cells

(CD4/CD8)b
CD4/CD8

ratio

BALB/cA-nu-scid U1 R NL4-3 116 ,102 4,400 6/83 0.07
U2 R NL4-3 108 ND 240 37/49 0.76
U3 R NFN-SX 204 1.5 3 102 5,100 2/82 0.02
U4 R NFN-SX 0 ,102 3,300 3/70 0.04
U5 R None 0 ,102 0 39/53 0.74
U6 R None 0 ,102 0 22/70 0.31

a None, mock infection.
b Percent CD4 and CD8 is expressed as percentages of human cells based upon HLA class I staining.
c ND, not done.
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conventional C.B-17-scid mice following treatment with
TMb-1 monoclonal antibody (Table 2). Our results indicated
that the antibody is important for efficient human cell transfer
in all scid mice. In our system, engraftment with human PBL
did not occur unless mice were treated with this antibody.
These results are different from those reported previously for
C.B-17-scid and NOD/LtSz-scid mice showing a high level of
human engraftment in TMb-1-untreated mice (7, 15). Since
our mouse stocks, including the NOD/Shi-scid mouse strain,
showed significant NK cell activity after stimulation, in contrast
to previous reports for hu-NOD/LtSz-scid mice, we believe
that the efficiency of human cell engraftment is significantly
influenced by NK cells, which may be activated by the inocu-
lated human cells. It is possible that stimulation of NK cell
activity may also be associated with a lower incidence of thy-
moma in NOD/Shi-scid mice than in NOD/LtSz-scid mice.

Previous studies found that only macrophage-tropic HIV-1
strains are capable of inducing a significant depletion of CD41

T cells in the hu-PBL-C.B-17-scid mouse, while T-cell-line-
tropic strains fail to produce the same effects (17, 18). Our data
also indicated that the molecularly cloned macrophage-tropic
HIV-1 strain NFN-SX could induce CD41 T-cell depletion in
all hu-PBL-scid mice, including C.B-17-scid, NOD/Shi-scid,
BALB/cA-Dh-scid, BALB/cA-bg-scid, and BALB/cA-nu-scid
mice engrafted with human PBL. However, the extent of
CD41 T-cell depletion did not correlate with the level of sys-
temic HIV-1 replication. It is possible that the mechanism of
CD41 T-cell depletion is also associated with other factors
derived from mouse or human cells in hu-PBL-scid mice.

One new strain, NOD/Shi-scid, produced a high level of
HIV-1 viremia after reconstitution with human PBL and in-
fection with at least one macrophage-tropic strain, HIV-1NFN-SX.
The hu-PBL-NOD/LtSz-scid mouse, another NOD-scid stock
engrafted by human PBL, was described recently as being
more susceptible to HIV-1 infection than hu-PBL-C.B-17-scid
mice (7). These studies showed that 79% of spleens of hu-PBL-

NOD/LtSz-scid mice harbored the replicating virus, compared
with only 39% of those of hu-PBL-C.B-17-scid mice. It was also
reported that the level of HIV-1 replication in hu-PBL-C.B-
17-scid mice was very close to the level in human infection (11).
The present results demonstrated, for the first time, that a high
level of virus load and CNS invasion with HIV-1 can be
achieved by using hu-PBL-scid mice. Penetration of the CNS
by HIV-1 occurred probably as a result of the high level of viral
replication in hu-PBL-NOD-scid mice. It is possible that the
severity of viral infection and/or the level of expression may be
due to increased levels of engraftment in NOD-scid mice.
However, we observed similar levels of human PBL engraft-
ment and HIV-1 proviral DNA in cells of the peritoneal cavity,
the initial site of HIV-1 injection in all four new hu-PBL-scid
mouse strains (Tables 2 and 3). Furthermore, our results
clearly showed a high level of systemic HIV-1 replication only
in the hu-PBL-NOD-scid mouse, particularly in the plasma,
liver, and brain. The level of viremia in the hu-PBL-NOD-scid
mice with HIV-1 was significantly higher than that in other
hu-PBL-scid mice and than primary viremia in patients with
HIV-1 infection (6). Therefore, it is conceivable that other
factors are also critically involved in the development of high
levels of HIV-1 viremia and CNS invasion detected in the
present study in HIV-1-infected hu-PBL-NOD-scid mice. As
we speculated, the rate of HIV-1 replication in vitro was also
influenced by plasma from mock-infected mice of each strain
(Table 4). The plasma factors that may possibly enhance
HIV-1 production in the NOD/Shi-scid mouse include com-
plement, because the plasma-enhancing effects completely dis-
appeared after heat treatment (568C for 30 min). Furthermore,
the NOD mouse is known to have a functional defect in C5
(13) that may also contribute to the high level of HIV-1 pro-
duction, since the mouse complement also prevents HIV in-
fection in vitro (8). It is also possible that the plasma of NOD-
scid mice may contain another, yet-unidentified HIV-1-
enhancing heat-labile factor. Our results also suggest that the

FIG. 1. PCR analysis of human b-globin DNA and HIV-1 RNA in mouse tissues from HIV-1-infected hu-PBL-NOD-scid or hu-PBL-Dh-scid mice reconstituted
by PBL from the same donor (R). The mice were sacrificed 14 days after infection. Human b-globin DNA (A and D), HIV-1 total RNA (B and E), and HIV-1 gag
RNA (C and F) were amplified by PCR from peritoneal cells (PEC) and liver, lung, and brain tissues of HIV-1NFN-SX-infected hu-PBL-NOD-scid mice (I) or
HIV-1NFN-SX-infected hu-PBL-Dh-scid mice (II). A faint signal of b-globin DNA was detected in the hu-PBL-Dh-scid mouse brain only after long exposure (data not
shown). Total RNA indicates all HIV-1 transcripts, including full-length and all spliced RNAs.
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innate immunological and humoral responses which are defi-
cient in the NOD-scid mouse may also protect the animal
against severe viral systemic infection, including CNS invasion.

In summary, the newly established immunodeficient mouse
strains will provide a novel animal model with which to study
the host–HIV-1 relationship in vivo. Furthermore, these new
immunodeficient mice are potentially useful for human cell

reconstitution experiments, such as human thymus transplan-
tation and human hematopoietic stem cell transplantation.

ACKNOWLEDGMENTS

We thank T. Nomura and H. Tsunoo for their continued encour-
agement, W. Ampofo for improving the manuscript, Y. Takahashi for

FIG. 2. (A) Immunostaining of liver tissue of an HIV-1-infected hu-PBL-NOD-scid mouse (N9, Table 3) with anti-human CD3 polyclonal antibodies. Human
CD3-positive cells were observed in the sinusoids and portal vein. Magnification, ca. 3130. (B) Example of a perivascular mononuclear cell infiltrating the brain in the
same mouse as for panel A. No astrogliosis or microglial nodules are present. Hematoxylin and eosin staining was used. Magnification, ca. 3130. (C) Immunostaining
of brain tissue of the same mouse with anti-human CD3 antibodies. Magnification, ca. 3130. (D) Higher magnification (ca. 3520) of human CD3-positive cells in the
brain parenchyma. (E and F) PCR in situ hybridization assay of the brain section of the same mouse with HIV-1 gag-specific primers (E) or without these primers (F).
Cells stained deep brown are positive for HIV-1 DNA and appeared only in assays using specific primers, while cells stained light brown appeared in an assay in which
no such primers were used. Magnification, ca. 3520. Five animals were evaluated to determine the presence of HIV-1 infection in CNS tissue, and more than 40 sections
were examined by three pathologists.

VOL. 71, 1997 HIV-1 INFECTION IN NOVEL hu-PBL-scid MOUSE STRAINS 2423



technical support, and J. Zack, W. A. O’Brien, I. Iwaki, and M. Mi-
zusawa for advice and comments.

This work was supported by grants from the Ministry of Public
Health and Welfare and the Ministry of Biotechnology and Science in
Japan. Y.K., Y.T., and N.Y. were sponsored by the Japan Health
Sciences Foundation. N.Y. was also supported by the Ministry of
Education, Sports and Culture.

REFERENCES

1. Adachi, A., H. E. Gendelman, S. Koenig, T. Folks, R. Willey, A. Rabson, and
M. A. Martin. 1986. Production of acquired immunodeficiency syndrome-
associated retrovirus in human and nonhuman cells transfected with an
infectious molecular clone. J. Virol. 59:284–291.

2. Aldrovandi, G. M., G. Feuer, L. Gao, B. Jamieson, M. Kristeva, I. S. Y. Chen,
and J. A. Zack. 1993. The SCID-hu mouse as a model for HIV-1 infection.
Nature (London) 363:732–736.

3. Arrigo, S. J., S. R. Weitsman, J. D. Rosenblatt, and I. S. Y. Chen. 1989.
Analysis of rev gene function on human immunodeficiency virus type 1
replication in lymphoid cells by using a quantitative polymerase chain reac-
tion method. J. Virol. 63:4875–4881.

4. Bonyhadi, M. L., L. Rabin, S. Salimi, D. A. Brown, J. Kosek, J. M. McCune,
and H. Kaneshima. 1993. HIV induces thymus depletion in vivo. Nature
(London) 363:728–732.

5. Bosma, G. C., R. P. Custer, and M. J. Bosma. 1983. A severe combined
immunodeficiency mutation in the mouse. Nature (London) 301:527–530.

6. Daar, E. S., T. Moudgil, R. D. Meyer, and D. D. Ho. 1991. Transient high
levels of viremia in patients with primary human immunodeficiency virus
type 1 infection. N. Engl. J. Med. 324:961–964.

7. Hesselton, R. M., D. L. Greiner, J. P. Mordes, T. V. Rajan, J. L. Sullivan, and
L. D. Shultz. 1995. High levels of human peripheral blood mononuclear cell
engraftment and enhanced susceptibility to human immunodeficiency virus
type 1 infection in NOD/LtSz-scid/scid mice. J. Infect. Dis. 172:974–982.

8. Hosoi, S., T. Borsos, N. Dunlop, and P. L. Nara. 1990. Heat-labile, comple-
ment-like factor(s) of animal sera prevent(s) HIV-1 infectivity in vitro. J.
Acquired Immune Defic. Syndr. 3:366–371.

9. Kamel, R. S., and J. E. Dick. 1988. Engraftment of immune-deficient mice
with human hematopoietic stem cells. Science 242:1706–1709.

10. Kataoka, S., J. Satoh, H. Fujiya, T. Toyota, R. Suzuki, K. Itoh, and K.
Kumagai. 1983. Immunologic aspects of the nonobese diabetic (NOD)
mouse. Abnormalities of cellular immunity. Diabetes 32:247–253.

11. Koup, R. A., R. M. Hesselton, J. T. Safrit, M. Somasundaran, and J. L.
Sullivan. 1994. Quantitative assessment of human immunodeficiency virus
type 1 replication in human xenografts of acutely infected Hu-PBL-Scid-
mice. AIDS Res. Hum. Retroviruses 10:279–284.

12. Koyanagi, Y., S. Miles, R. T. Mitsuyasu, J. E. Merrill, H. V. Vinters, and
I. S. Y. Chen. 1987. Dual infection of the central nervous system by AIDS
viruses with distinct cellular tropisms. Science 236:819–822.

13. Leiter, E. H. 1993. The NOD mouse: a model for analyzing the interplay

between heredity and environment in development of autoimmune disease.
ILAR News 35:4–14.

14. McCune, J. M., R. Namikawa, H. Kaneshima, L. D. Shultz, M. Lieberman,
and I. L. Weissman. 1988. The SCID-hu mouse: murine model for the
analysis of human hematolymphoid differentiation and function. Science
241:1632–1639.

15. Mosier, D. E., R. J. Gulizia, S. M. Baird, and D. B. Wilson. 1988. Transfer
of a functional human immune system to mice with severe combined immu-
nodeficiency. Nature (London) 335:256–259.

16. Mosier, D. E., R. J. Gulizia, S. M. Baird, D. B. Wilson, D. H. Spector, and
S. A. Spector. 1991. Human immunodeficiency virus infection of human-
PBL-SCID mice. Science 251:791–794.

17. Mosier, D. E., R. J. Gulizia, P. D. MacIsaac, B. E. Torbett, and J. A. Levy.
1993. Rapid loss of CD41 T cells in human-PBL-Scid mice by noncytopathic
HIV isolates. Science 260:689–692.

18. Mosier, D. E., and H. Sieburg. 1994. Macrophage-tropic HIV: critical for
AIDS pathogenesis? Immunol. Today 15:332–339.

19. Namikawa, R., H. Kaneshima, M. Lieberman, I. L. Weissman, and J. M.
McCune. 1988. Infection of the SCID-hu mouse by HIV-1. Science 242:
1684–1686.

20. O’Brien, W. A., Y. Koyanagi, A. Namazie, J. Q. Zhao, A. Diagne, K. Idler,
J. A. Zack, and I. S. Y. Chen. 1990. HIV-1 tropism for mononuclear phago-
cytes can be determined by regions of gp120 outside the CD4-binding do-
main. Nature (London) 348:69–73.

21. Oka, S., S. Ida, T. Shioda, Y. Takebe, N. Kobayashi, Y. Shibuya, K. Ohyama,
K. Momota, S. Kimura, and K. Shimada. 1994. Genetic analysis of HIV-1
during rapid progression to AIDS in an apparently healthy man. AIDS Res.
Hum. Retroviruses 10:271–277.

22. Oliver, J. M., R. B. Zurier, and R. D. Berlin. 1975. Concanavalin A cap
formation on polymorphonuclear leukocytes of normal and beige (Chediak-
Higashi) mice. Nature (London) 253:471–473.

23. Pelleitier, M., and S. Montplaisir. 1975. The nude mouse: a model of defi-
cient T-cell function. Methods Arch. Exp. Pathol. 7:149–166.

24. Searle, A. G. 1959. Hereditary absence of spleen in the mouse. Nature
(London) 184:1419–1420.

25. Shultz, L. D., P. A. Schweitzer, S. W. Christianson, B. Gott, I. B. Schweitzer,
B. Tennent, S. McKenna, L. Mobraaten, T. V. Rajan, and D. L. Greiner.
1995. Multiple defects in innate and adaptive immunologic function in NOD/
LtSz-scid mice. J. Immunol. 154:180–191.

26. Simpson, E., J. Farrant, and P. Chandler. 1991. Phenotypic and functional
studies of human peripheral blood lymphocytes engrafted in scid mice.
Immunol. Rev. 124:97–111.

27. Tanaka, T., F. Kitamura, Y. Nagasaka, K. Kuida, H. Suwa, and M. Mi-
yasaka. 1993. Selective long-term elimination of natural killer cells in vivo by
an anti-interleukin 2 receptor beta chain monoclonal antibody in mice. J.
Exp. Med. 178:1103–1107.

28. Zack, J. A., S. J. Arrigo, S. R. Weitsman, A. S. Go, A. Haislip, and I. S. Y.
Chen. 1990. HIV-1 entry into quiescent primary lymphocytes: molecular
analysis reveals a labile, latent viral structure. Cell 61:213–222.

2424 KOYANAGI ET AL. J. VIROL.


